F1 hybrids of D. virus and D. Iummei survived significantly worse than the parents. When D. virus was the mother, larger proportion of hybrids failed to emerge from pupal case, but overall survival rate of reciprocals was about the same. Viability of different heterospecific combinations of sex chromosomes and autosomes was studied in backcrosses. All the sex chromosomes survived well on the background of all-heterozygous autosomes. Hemizygous X was reciprocally subvital with homozygous alien autosomes. The reduced viability was male sex limited. The X-linked factor causing this effect was localized in the area of the large, phylogenetically ancient double inversion In(1)a + b. All four large autosomes were heterotic in backcross hybrids, more strongly in females. Five out of six possible first degree interactions between the autosomes were negative, indicating incompatibility between heterospecific autosomes. This effect was stronger in females. The genetic basis for hybrid subvitality is sex-specific.
INTRODUCTION
Species hybrids are often less viable than pure species. As a metaphor, this is said to be due to the breakdown of co-adapted genetic system in hybridization. Subvitality of hybrids has been under genetic analysis in very few cases, much more seldom than hybrid sterility Orr, 1989a, 1989b ). An important exception is the case of Drosophila melanogaster and its siblings. Among them, the viability of hybrids can be rescued by some mutants. The gene Lhr (Lethal hybrid rescue) was detected by Watanable (1979) in Drosophila simulans. Another mutant, Hmr (Hybrid male rescue) was found by Hutter and Ashburner (1987) in Drosophila melanogaster. The results of the further analysis are very important with respect to the understanding of the mechanisms of speciation in general (Hutter et a!., 1990 ).
In the species group observed in this paper, Patterson and Griflen (1944) studied in detail the inviability of female progeny from the cross of D. montana females to D. texana males. A gene within echinus-crossveinless interval of the texana X chromosome was lethal in combination with the We dedicate this paper to Academician Esko Suomalainen, on the occasion of his 80th birthday. montana egg "protoplasm". Several other cases of hybrid lethality described in older literature were reviewed in Patterson and Stone (1952) .
As a part of our investigations on the genetic differentiation of two allopatric sibling species Drosophila virilis and Drosophila lummei, we present here an analysis of the viability of different heterospecific combinations of sex chromosomes, and autosomes.
The model of speciation applicable to the present pair of taxa is through geographic isolation. Throckmorton (1982) presented the still valid phylogenic and biogeographical scheme for their separation. The geographical isolation continues: D. lummei shows a palaearctic boreal distribution, with suitable adaptations like better cold resistance (Heino and Lumme, 1989) and photoperiodic diapause (Lumme and Keranen, 1978) . D. virilis has a more southern holarctic distribution, and it comes to the areas common with D. lummei only as aided by man.
The isolation of the taxa in question, expressed as subvitality of different heterospecific genotypes is rather weak. This fact was well known to us before beginning. The idea of studying weak isolation can be founded as follows. When the fertility and viability of F1 hybrids is good, a comprehensive genetic analysis is possible. As a disadvantage there is not much to be analyzed. However, we believe that we may find such incompatibilities between the genetic components, which are not expressed in F1, but in later generations. For example, incompatibility between an alien X chromosome and a homozygous autosome is not visible in F1. Furthermore, it is reasonable to believe that genetic incompatibilities leading to postzygotic isolation accumulate with time, also after the completion of species formation. In the hybrid, they all interact, and details of the syndrome become more and more difficult to grasp when the degree of isolation, i.e., the number of incompatible interacting systems increases. It is to be expected that the genetically controlled traits which express themselves as disadvantageous (subvitality, lethality, sterility) in hybrids, have some positive role in pure species. When the disadvantage is weak, it is perhaps possible to find out the normal function of the respective genes.
Among the virilis species group. the hybrids of D. yin/is and D. lummei are the most viable and fertile of all. Yet, their relatedness is not so close. The phylogenetic tree of the virilis group has been constructed on the basis of salivary gland chromosomes (Throckmorton, 1982) and confirmed by the biochemical techniques (Maclntyre amd Collier, 1986; Coyne and Orr, 1989a First generation hybrids were obtained reciprocally between 126, MM, and 11O1S. To produce novel combinations of the genetic elements, F1 males were crossed back to females of marker strain D. virilis. This always produced 16 combinations of heterozygous or homozygous autosomes, together with sex chromosome set depending on the direction of crjss in P generation. Through repeated backcrossing to MM stock, the inversion In(1)a+b from D. lumrnei was introduced into D yin/is chromosome. The inversion contains wild type allele of white, and it was maintained in heterozygous condition in females. Such heterozygous females were crossed with F1 males to construct flies having a part of X chromosome from D. lummei, and autosomes either heterozygous, or homozygous for D. yin/is. The role of X chromosome was further studied through crossing the y up stock with D. lummei, and backcrossing the F1 females to both parental species.
Survival from egg to adult
To measure the survival of parental stocks and hybrids, two females and four males were put in plastic vials on 5 ml of malt medium (Lakovaara, 1969) . They were allowed to lay eggs 24 hours at 25°C. Theeggs laid were counted. We did not make any estimates of the proportion of unfertilized eggs. The vials with developing larvae were kept at 17°C or 25°C, and the emerging adults were counted. When the eclosion had been ceased for two days, the number of pupal cases was counted. Mouldy, bacterially infected, or dried tubes were discarded.
Statistical methods
The contribution of chromosomes and their interactions to the survival of different phenotypes in backcross generations were calculated through a modification of analysis of factorial experiments (Snedecor and Cochran, 1967) . The grouping of data for the analysis is presented in table 1, because it may help to understand figs 2 and 4 in the Results. As a statistical test, we have used G-test for comparing observed and expected segregation ratios.
RESULTS
Survival from eqg to pupariation and to adult in P and F1 In average, the mortality of the eggs of D. virilis at 25°C before pupariation was 228 per cent (N = 3047), and the mortality within pupal case was 57 per cent (N = 2351). At 17°C, the mortality values were 308 per cent (N = 1928) and 58 per cent (N = 1335), respectively. Table 2 displays in detail the results of all stocks used, as percentages of eggs surviving at both steps of development. The weakest stock was 126, which is old, inbred marker stock. Best was MM, which has recently gone through crossing with wild type and new purification of markers.
In D. lummei, 380 per cent of the 573 counted eggs kept at 25°C died before pupariation, and 85 per cent of pupae failed to emerge. At 17°C, D.
lummei survived better during early development: 234 per cent of 474 eggs died before pupariation, but 229 per cent of pupae died before emerging to adults. The total deviation from expected phenotype frequencies is small, hardly significant (G(31) = 4845, P<005). The sex ratio is even: 1890 males Frequency (x) as proportion of the most frequent Heterospecific yin/is x (yin/is xlummei)
The total data depicted in fig. 1 lummei. Females carry homozygous combination X"1/X', which is fittest together with all-heterozygous autosomes in phenotype (+; +; +; +). Among the backcross progeny, the sex ratio was significantly aberrant (Nm/Nf= 0788, N = 16,845, G(1) = 236, P<< 0.001). This is expressed in fig. 2 as the large negative main effect of "sex". Heterospecific yin/is x (Iummei x yin/is) As can be seen in figs 1 and 2, the relative proportions of different phenotypes follow the same pattern as in the previous cross, but the variation of the viabilities among phenotypes was clearly amplified, especially among the females. Here the males carry homospecific set of sex chromosomes, X'7Y. Females are heterozygous XVI/XIU. The overall sex ratio is close to unity (Nm/Nf=0984,
N=16,743, G(l)=11, P>>0•1).
The deviation of female phenotype frequencies from the expected was wider than in the previous cross, where the females were homozygous X"7X".
The variability in viabilities of the various autosomal combinations is due to some second degree X/ autosome/ autosome-interaction, which can be expressed by saying that the negative interaction of heterozygous to homozygous autosomes is The total sex ratio is aberrant because of the miss- This demonstrates that the observed hybrid weakness is a male sex-limited character. Meiotic drive as an explanation for the under-representation of the In(1)a + b males is also excluded. The genetic basis was analysed as follows.
Heterospecific recombinant X in combination with alien autosomes Heterozygous w/+ females from inversions substitution line 1101 (HETEX) were crossed with F1 (1IO1SxMM) and F1 (MMx11O1S) males. The autosomal phenotype frequencies of the resulting male progenies are displayed in fig. 3 . For the analysis of the data, males from both crosses, which had different Y chromosome but showed similar autosomal phenotype frequencies, were pooled together. Fig. 4 displays the contribution of each homozygous D. virilis autosome to the weak viability of carriers of In (1) differed more with respect to the developmental profile of the lethality than of the total numbers of surviving eggs. The hybrids mothered by D. virilis survived slightly better, but a large proportion of their mortality occurred during adult metamorphosis within pupal case. Probably correlated with this, the emerging adults frequently suffered from visible developmental disorders in eyes, antennae, wings, and abdominal chitinization (Heikkinen and Lumme, in preparation). Many of them could survive only in the sheltered situation in laboratory. The Japanese stock 1143 was different from Swedish stock ibiS, in pupal mortality, and also in frequency of developmental disorders.
The D. virilis x D. lummei hybrids (especially males) are also more susceptible to cold shock than pure species or the progeny of the reciprocal cross (Heino and Lumme, 1989) . In backcross generations, the second, third and fifth chromosomes expressed heterosis. In all possible sex chromosome backgrounds, the relative viability of flies heterozygous for a given autosome was higher than that of flies homozygous for D. virilis autosome. This is not to be expected on the basis of comparing P and F1 generations: flies having all autosomes as heterozygous (reciprocal F1 values) were clearly less fit than parental species, when measured by egg to adult survival.
The role of maternal cytoplasm cannot explain this apparent controversy between first and second hybrid generation, because mothers of both generations were pure species. A similar unresolved situation was observed in a study of cold shock resistance (Heino and Lumme, 1989) . There, the F1 was weaker than the most similar backcross phenotype. The role of elimination of the tiny sixth chromosome was speculated (about the elimination, see Sokolov, 1948 Sokolov, , 1959 Mitrofanov and Sidorova, 1979) .
Any two of the autosomes work relatively better when they are identical, i.e., both heterozygous, or both homozygous. Out of six possible combinations, 2 x 4 is the only exception (tables 4 and 5).
Fitnesses of double homozygotes follow well estimates made according to multiplicative interaction, but genotypes with one chromosome homozygous and one heterozygous fall below this prediction. This is a very interesting finding. While in the species pair studied, the degree of postzygotic isolation is rather weak, polygenic accumulation of small effects in all chromosomes seems to be going on. Interestingly enough, this effect was much stronger in females than in males.
Inversion In ( Our results are not contradictory with the "two rules of speciation" (Coyne and Orr, 1989b) , even if the isolation is weakly expressed in F1. In this work, we investigated a quantitative and relative subvitality among hybrids. The few analyzed cases in the literature concern rather absolute inviability of males of females. The rules hold for quantitative viability, too.
Haldane's rule (1922) states that the heterogametic sex is affected first. In our case, the weak incompatibilities between heterozygous and homozygous autosomes were more pronounced among the females. This seems to be contradictory with Haldane's rule, but this effect was really rather weak. With this same pair of species, Mitrofanov and Sidorova (1981) demonstrated another autosomal lethal interaction, affecting only females.
Certain backcross phenotypes gave no female progeny, when crossed again with D. lumrnei males.
In our results, the stronger male sex-limited viability interactions obeyed Haldane's rule. Even if we have been able to construct pure breeding D. virilis carrying In(1)a + b of D. lummei, only hemizygous males are subvital, not the homozygous females.
Coyne's rule says that X chromosome is responsible for the earliest and strongest postzygotic isolation. This was confirmed here, too. However, our analysis also reveals the elements interacting with the X. In our case, proximal half of X included in the inversion In(1)a + b of D. lummei is subvital with homozygous alien (D. virilis) autosomes, especially the fifth. Reciprocally, standard arrangement of the same part of X is subvital with combination of D. lummei autosomes (which of them, is to be analysed). The observed polymorphism in response of autosomes of D. lummei will be of experimental value in analysing this incompatibility.
